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A post-processing procedure is presented to suppress 
spectral shadowing in phase-OTDR sensing systems 
based on weak fiber Bragg grating array. A complete 
theoretical analysis of the interfering signals has been 
carried out in order to identify a compensation method. 
The proposed approach has been applied to simulated 
and experimental phase-OTDR in the context of vibration 
measurements. Fast Fourier Transform has been 
employed to analyze the obtained results, which have 
verified the validity of the proposed method to suppress 
spectral shadowing.  
http://dx.doi.org/10.1364/OL.99.099999 
Structural health monitoring (SHM) has attracted more attention 
in both scientific and engineering field in recent years [1-2]. The 
ability of detecting internal failures of a structure and providing 
early warnings of structural damages or decays becomes 
crucial.  SHM can be implemented in all kinds of civil structures 
such as dams, tunnels, highways, railways, bridges, pipelines, etc. 
[3]. The main parameters to consider when interrogating the 
health condition of structures are load, deformation, strain, 
temperature and vibration.  
Optical fiber sensors present specific advantages to be exploited 
in SHM systems, such as lightweight and geometric versatility. 
Among them, fiber Bragg gratings (FBGs) offer a huge capacity for 
mechanical sensing applications [4]. In addition, FBGs allow 
multiplexing and then multipoint sensing schemes, placing many 
gratings within a single optical fiber. However, the spectral ranges 
of the emitting and detecting devices limit the number of sensing 
points. One way to solve this limitation is by using distributed 
optical fiber sensing systems. These systems present a large-scale 
monitoring range, large number of monitored points, simple 
deployment, and geometric versatility compared with point 
sensors [5]. 
Among the existing distributed systems, phase-sensitive optical 
time domain reflectometry (Φ-OTDR) has proven to be a powerful 
tool for real-time distributed sensing. Various events can be 
monitored, such as borderline intrusion, seismic waves and train 
movement [6, 7]. In Φ-OTDR systems, a light source with a narrow 
linewidth and minimum frequency shift is employed. Light is 
pulsed and later injected into a conventional single-mode fiber. 
The multiple scattering centers within the resolution cell, i.e. a zone 
equal to half the pulse width, generate backscattered light 
components that interfere coherently at the Φ-OTDR detector. By 
measuring the variation of the coherent superposition of the 
backscattered light, any perturbation can be identified and 
localized along the sensing fiber.  
The signal to noise ratio (SNR) of Φ-OTDR is limited by the weak 
Rayleigh backscattering generated in the fiber. Using an FBG array 
is a potential method to improve the SNR in certain zones of a 
Rayleigh-based OTDR system, as presented in [8]. For the phase-
OTDR application, the FBGs act as individual scattering centers 
with well-defined positions and reflectivities. Therefore, the phase-
OTDR is required to operate in the regime of registering FBG 
reflections, rather than Rayleigh backscattered light from the fiber. 
By interrogating an array of FBG pairs, it is possible to detect any 
phase variation appearing between two FBGs of one pair, as long 
as they are separated by a distance smaller than the resolution cell 
[9, 10]. Another condition is to separate each consecutive pairs by 
a distance larger than the resolution cell to prevent signals from 
more than two FBGs to interfere simultaneously [9]. 
However, spectral shadowing crosstalk effect [11] is a limiting 
factor in these systems. The interrogating light needs to pass all 
upstream FBGs to reach a specific FBG. As a result, the light 
illuminating a certain FBG in the array carries the spectral features 
of all the previous ones. Accordingly, it shadows the response of 
the actual FBG. The resulting error has been studied in [11] in the 
context of a quasi-distributed fiber sensor interrogated by an 
OFDR (Optical Frequency Domain Reflectometer). The parasitic 
effects present in the scheme have been simulated and 
enhancement treatments proposed. 
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(3) 
The power reflected from the FBG pair and detected by the phase-
OTDR presents three different zones (see Fig. 2) with 
corresponding powers PA, PB and PAB:  
2 4 2* ( ) ( )AP t t= =A A in AE E E T r                  (4) 
2 4 4 2* ( ) ( ) ( )BP t t t= =B B in A BE E E T t r                (5) 
( )
*
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t t t t t
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where θ(t) = arg (rB(t)/rA(t)). Since T(t) is the product of the 
transmission coefficients of all preceding FBGs, it depends on the 
spectral properties of preceding gratings and influences the power 
detected for the interference signal PAB. Using equations (4), (5) 
and (6), the following expression can be calculated: 
( ) ( ) ( )1/2 1/2
( ) ( ) ( )
cos ( ) ( )
2 ( ) ( )
AB A B
A B
P t P t P tt t
P t P t
ϕ θ − −Δ + =   
    (7)         
By reading out the above three power values from the ϕ-OTDR 
trace, the change in the phase component ∆φ(t)+θ(t) occurring 
upon any events between FBGA and FBGB can be monitored. As a 
result, the undesired spectral shadowing from preceding FBGs is 
eliminated (|T(t)| is suppressed). It should be noted that the 
polarization mismatch between the lightwaves reflected by FBGA 
and FBGB is not expressed in equation (6). The mismatch can be 
considered by multiplying the interference term of PAB by a factor k 
ranging between 0 and 1 [10]. However, it is important to remark 
that this effect does not change the compensation ability of our 
approach, since |T(t)| is still suppressed. k should be different from 
zero, as assumed in [9] and [10]. This can be ensured by a proper 
choice of the fiber birefringence properties [10]. 
Simulations and experiments have been performed based on 
the setup of Fig. 1 to validate the spectral shadowing compensation 
technique. Simulations were performed in Matlab by computing 
3000 ϕ-OTDR traces with a time separation of 50 µs (20 kHz pulse 
repetition rate) and a sampling resolution of 0.1 m (1 GS/s DAQ 
sampling rate). Each trace was computed as a function of the pulse 
position using equations (4)-(6), considering a rectangular pulse 
shape and neglecting the Rayleigh backscattering signal as well as 
the fiber attenuation. The vibration induced by the shakers were 
simulated by introducing variations Δn = Δnm sin(2πft) in the 
effective refractive index in each part of the FUT being subject to 
vibration. As in the experimental setup, the frequency of vibration f 
was set to 300 Hz/700 Hz (2 kHz) for SHR1 (SHR2), assuming a 
maximum refractive index change Δnm of 10-5 (10-8) induced by the 
vibration. 
Fig. 3(a) shows the superposed ϕ-OTDR traces obtained from a 
simulation with the given parameters. The interference zones of 
the two FBG pairs are identified by S12 = 18-24 m and S34 = 52-58 
m showing the largest change in detected power over time. In 
order to determine the frequency of the induced vibration, FFT 
analysis was performed at a position within the S34 zone. Likewise, 
the frequency of vibration at other points of the FUT can be 
determined.  
 
Fig. 3.  Simulated (a) reflected signal power versus position over time 
(b) FFT for zone S34 at 55 m (inset: zoom 0-800 Hz) (c) FFT for zone S34 
at 55 m after applying the compensation formula (inset: zoom 0-
800Hz) with a 300 Hz/700 Hz (2 kHz) vibration applied at the first 
(second) FBG pair. 
In zone S34, spectral shadowing may appear due to the 
perturbation applied on FBG2 by shaker SHR1, resulting in a time-
varying transmission coefficient t2 of FBG2. Fig. 3(b) shows the FFT 
result at 55 m, i.e. at the midpoint of the interference zone S34. 
Three frequencies are clearly distinguished: 2 kHz, 300 Hz and 700 
Hz, the last two with lower amplitudes. Additionally, the 
frequencies 400 Hz and 600 Hz can be noted. As the FBGs present 
overlapping spectral properties, the interference signal generated 
by the second pair contains the spectral information of the 
previous FBG. For this reason, the 300 Hz, 700 Hz, 400 Hz 
(difference frequency) and 600 Hz (second harmonic of 300 Hz) 
components are noticed in the FFT although no vibration at these 
frequencies are applied at that position. 
In order to avoid this undesirable effect, equation (7) is applied 
to eliminate the influence of spectral shadowing, using the 
simulated detected power PAB, PA and PB over time at the midpoints 
of the three zones (S34, FBG3 and FBG4) around 55 m. In Fig. 3(c), 
the FFT of the signal obtained using formula (7) for the second pair 
is presented. The signal acquired after applying the compensation 
formula is dimensionless and power variations are cancelled out. 
Spectral information about the local perturbation is not removed 
since it is contained in the phase term ∆φ(t)+θ(t). As shown in Fig. 
3(c), the 300 Hz and 700 Hz components, as well as their mixing 
products and harmonics, are suppressed. 
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Fig. 4.  Detected (a) reflected signal power versus position over time 
(b) FFT for zone S34 at 55 m (inset: zoom 0-800 Hz) (c) FFT for zone S34 
at 55 m after applying the compensation formula (inset: zoom 0-800 
Hz) with a 300 Hz/700 Hz (2 kHz) vibration applied at the first 
(second) FBG pair. 
The above analysis procedure has also been applied on 
experimental phase-OTDR traces recorded under similar 
conditions. The experimental traces and the FFT obtained for the 
S34 zones are presented in Fig. 4(a) and Fig. 4(b), respectively. The 
300 and 700 Hz components are detected within the S34 zone. As in 
the simulation analysis, the compensation formula (7) has been 
applied to the detected power over time PAB, PA and PB at the 
midpoints of the three zones S34, FBG3 and FBG4, demonstrating its 
capability to suppress the 300 Hz and 700 Hz components as 
shown in Fig. 4(c). The suppression of the spectral shadowing 
effect is verified. 
Considering the reflection and transmission coefficients of the 
FBGs, the loss of the connecting fibers and the available dynamic 
range of the phase-OTDR, the maximum number of FBG pairs can 
be estimated. Assuming identical FBGs, a fiber loss of 0.2 dB/km, a 
maximum detectable power of 100 µW and taking the 
experimental RMS noise level of 0.50 µW into account, calculations 
have been performed for FBG reflectivities of 1%, 0.1% and 0.01%. 
Provided that each FBG reflects the same power P, the interference 
peak for a pair of identical FBGs will be maximum 4P as given by 
equation (6). The results of the calculations are shown in Fig. 5, 
where the detected reflected power versus FBG pair number is 
displayed for both maximum interference and single FBG peaks. 
The input power was set so that the full dynamic range of the 
detector is utilized, and a minimum detection limit (green 
horizontal line) was set to 5 dB above the experimental RMS noise 
level.  
 
Fig. 5.  Simulated detected reflected power versus FBG pair number 
With respect to the power detected from single FBGs, it can be 
concluded that maximum 530 FBG pairs can theoretically be 
interrogated with a 0.1% reflectivity setup (red dashed line). If the 
reflectivity is decreased to 0.01% (blue dashed line), the possible 
number of FBG pairs increases to 830. 
In conclusion, this letter presents a technique to suppress 
spectral shadowing effect when interrogating an array of weakly 
reflective FBGs pairs by a phase-OTDR. For each FBG pair, the 
proposed method involves the readout of three power values of 
the phase-OTDR trace: the detected reflected power from each of 
the two FBGs and the power corresponding to their interference 
signal. The method has been validated by means of simulations. It 
has also been experimentally verified by applying it to a proof-of 
concept phase-OTDR system in the context of vibration 
measurements. The obtained successful results confirm the 
effectiveness of the proposed method. A subsequent analysis 
estimates that the number of FBG pairs that can be interrogated 
using this technique is nearly 800 with identical FBGs of 0.02% 
reflectivity. 
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